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Abstract The big mantle wedge (BMW) model was originally proposed to explain the origin of 11 
the intraplate Changbaishan volcano in NE China where the subducting Pacific slab becomes 12 
stagnant in the lower part of the mantle transition zone (MTZ). The BMW is defined as a broad 13 
region in the upper mantle and upper part of the MTZ overlying the long stagnant Pacific slab. 14 
Under eastern Tibet, prominent low-velocity (low-V) anomalies are revealed in the upper mantle, 15 
whereas an obvious and broad high-velocity (high-V) anomaly is imaged in the MTZ from the 16 
Burma arc northward to the Kunlun fault zone and eastward to the Xiaojiang fault zone. In 17 
addition, receiver-function analyses clearly illustrate a similar area with a thickened MTZ. Hence 18 
we conclude that there is a BMW structure under eastern Tibet, which can explain the deep origin 19 
of the Tengchong volcano and generation of large crustal earthquakes in the region. The 20 
Tengchong volcano is caused by hot and wet mantle upwelling in the BMW and fluids from 21 
dehydration reactions of the stagnant Indian slab in the MTZ. The 2008 Wenchuan earthquake 22 




Sichuan basin, suggesting that the occurrence of the Wenchuan earthquake was affected by the 24 
BMW structure. These results shed new light on the mantle structure and dynamics under eastern 25 
Tibet. 26 
Keywords: Seismic velocity; Receiver-function analysis; Big mantle wedge; Tenchong volcano; 27 
Earthquakes; Eastern Tibet  28 
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1. Introduction 30 
Since 1980s a series of seismic tomography models of local and regional scales have been 31 
obtained by inverting local and teleseismic travel-time data, which show a clear high-velocity 32 
(high-V) zone reflecting the Pacific slab subducting from the Japan Trench to the upper mantle 33 
beneath the Japanese Islands and the Japan Sea (e.g., Kamiya et al., 1988; Zhao et al., 1992, 2012; 34 
Wang and Zhao, 2005, 2008; Huang et al., 2011; Asamori and Zhao, 2015; Nakahigashi et al., 35 
2015; Wang et al., 2017a). In these models, prominent low-velocity (low-V) anomalies are clearly 36 
visible in the central part of the mantle wedge (MW) above the subducting Pacific slab and below 37 
the Moho discontinuity. The origin of arc volcanoes on the Japan Islands is considered to be 38 
caused by upwelling flow in the MW due to a combination of MW convection and fluids from 39 
dehydration reactions of the subducting Pacific slab above ~200 km depth (e.g., Tatsumi, 1989; 40 
Zhao et al., 1992). 41 
With the rapid accumulation of seismological data in East Asia, more and more large-scale 42 
regional and global tomography models have been obtained (e.g., Fukao et al., 1992; Zhou, 1996; 43 




Wei et al., 2012, 2015; Chen et al, 2017; Ma et al., 2018). All these models have revealed similar 45 
seismic features, i.e., low-V anomalies in the upper mantle and a high-V anomaly in the mantle 46 
transition zone (MTZ), suggesting that the Pacific slab has subducted down to and stayed in the 47 
MTZ under East Asia. However, these global and large-scale regional models have a low 48 
resolution and so cannot be used to investigate detailed structural features. To understand the deep 49 
origin of the intraplate Changbaishan volcano that is located at the border between China and 50 
North Korea, Lei and Zhao (2005) determined the first local-scale upper-mantle tomography under 51 
the Changbaishan volcano using teleseismic data recorded at 19 portable seismic stations and 3 52 
permanent stations in and around the Changbaishan volcano. The 19 portable stations were jointly 53 
installed by the Geophysical Exploration Center, China Earthquake Administration (CEA) and the 54 
State University of New York, USA (Wu and Hetland, 1999; Hetland et al., 2004). The model of 55 
Lei and Zhao (2005) shows a columnar low-V anomaly extending down to 400 km depth directly 56 
beneath the Changbaishan volcano with a P-wave velocity (Vp) reduction of up to 3% and a 57 
high-V anomaly in the MTZ. Zhao et al. (2009) and Duan et al. (2009) obtained updated Vp 58 
images under the Changbaishan volcano by adding data recorded at the CEA provincial seismic 59 
stations and newly deployed portable seismic stations in NE China. Integrating all the tomographic 60 
results from local to global scales available then, researchers proposed that the Changbaishan 61 
volcano is not a hotspot like Hawaii but a back-arc volcano related to the stagnancy and 62 
dehydration of the subducted Pacific slab in the MTZ (Zhao et al., 2004; Lei and Zhao, 2005; Zhao 63 
et al., 2007, 2009). Although Tatsumi et al. (1990) first invoked asthenospheric injection to explain 64 
the formation of the Changbaishan volcano, they did not consider the stagnant Pacific slab under 65 




and Zhao (2005) modified the model of Tatsumi et al. (1990) to emphasize the role of the stagnant 67 
Pacific slab in the formation of the intraplate volcanism in NE Asia.  68 
To better explain the formation mechanism of the intraplate volcanism in East Asia, Zhao et al. 69 
(2007, 2009) proposed the so-called big mantle wedge (BMW) model. The BMW is defined as a 70 
broad region in the upper mantle and the upper part of the MTZ overlying the stagnant Pacific slab 71 
in the lower part of the MTZ. The BMW has a lateral extent of ~2000 km from the Japan Trench to 72 
the stagnant slab western edge that is located under the North-South gravity lineament in eastern 73 
China. This BMW model suggests that the intraplate magmatism and volcanism as well as mantle 74 
dynamics in East Asia are controlled by hot and wet mantle upwelling and corner flow in the 75 
BMW associated with the deep subduction, stagnancy, and dehydration reaction of the Pacific slab 76 
in the MTZ (Fig. 1). Later, Zhao and Tian (2013) further suggested a possible link between the 77 
Changbaishan volcanism and large deep earthquakes (> 500 km depth; M > 7.0) in the subducting 78 
Pacific slab, which occurred about 200 km to the northeast of the Changbaishan volcano. Seawater 79 
may enter the Pacific plate at the outer-rise area through normal-faulting large earthquakes before 80 
the plate subduction at the Japan Trench, and the fluids preserved within the faults of the slab may 81 
be released to the overlying BMW by deep earthquake faulting at the MTZ depth, which may 82 
produce additional magma feeding the Changbaishan volcano (Zhao and Tian, 2013). For details 83 
of the BMW model, see the recent review papers (Zhao and Tian, 2013; Lei et al., 2013, 2018; 84 
Zhao, 2017). 85 
It is intriguing to know whether the BMW is just a local feature in East Asia or it also exists in 86 
other regions of the Earth. In this article, we review recent 3-D seismic velocity models from 87 




structure exists there or not, such as the deep subduction of the Indian plate, long stagnant slab in 89 
the MTZ, and deep slab dehydration, etc., so as to better understand the mantle structure and 90 
dynamics beneath eastern Tibet, the origin of the Tengchong volcanism, as well as causal 91 
mechanism of large crustal earthquakes such as the great 2008 Wenchuan earthquake (Ms 8.0). 92 
2. BMW under eastern Tibet 93 
The BMW model has three major slab features: deep slab subduction, long stagnant slab in the 94 
MTZ, and slab dehydration at the MTZ depth (Zhao, 2007). Here we examine whether the three 95 
slab features exist in the eastern Tibetan region using the recent tomographic models and other 96 
geophysical results. 97 
2.1 Regional tectonics 98 
Before inspecting the deep structure of eastern Tibet, we first describe regional tectonics on 99 
the surface (Fig. 2). In the region, there are not only the stable Sichuan basin, Qaidam basin, 100 
Alashan block, and Ordos block, but also several large active fault zones, such as the Kunlunshan, 101 
Longmenshan, Xiaojiang, and Red River fault zones. Along these faults several strong earthquakes 102 
have occurred in recent years, such as the 2008 Wenchuan earthquake (Ms 8.0), the 2010 Yushu 103 
earthquake (Ms 7.1), the 2013 Lushan earthquake (Ms 7.0), the 2014 Ludian earthquake (Ms 6.5), 104 
and the 2017 Jiuzhaigou earthquake (Ms 7.0). The Wenchuan earthquake was the most destructive 105 
earthquake in Mainland China since the 1976 Tangshan earthquake (M 7.8), which caused 69,180 106 
deaths, 374,008 injuries, 17,406 people missing and left over 10 million people homeless (Che et 107 
al., 2008). In the southwestern part of the study region (Fig. 2), intermediate-depth earthquakes 108 




intraplate Tengchong volcano exists in the region that once erupted in 1609, and numerous hot 110 
springs occur in the Tengchong volcanic field. 111 
2.2 Deep slab subduction 112 
Under the Burma arc, the maximal depth of earthquakes reaches ~200 km (Fig. 3). Whether 113 
the seismicity represents the Indian slab subduction depth or not is a hotly debated issue. In many 114 
subduction zones, an aseismic slab is found to exist well below the cut-off depth of the intra-slab 115 
Wadati-Benioff zone seismicity. For example, in the Northwest Pacific and Tonga regions where 116 
deep earthquakes occur down to ~500-600 km depths, tomographic images show that the Pacific 117 
slab with a high-V anomaly has subducted down to the MTZ depth, and the aseismic slab becomes 118 
stagnant in the lower part of the MTZ and then penetrates into the lower mantle (e.g., Zhao et al., 119 
1997, 2017; Lei and Zhao, 2005; Huang and Zhao, 2006; Wei et al., 2012; Fukao and Obayashi, 120 
2013; Chen et al., 2017). In the middle America region, earthquakes are limited to the upper 121 
mantle, but a prominent high-V anomaly representing the Farallon slab is clearly imaged in the 122 
lower mantle (e.g., Grand et al., 1997; Kennett et al., 1998; Zhao, 2004; Lei and Zhao, 2006; 123 
Fukao and Obayashi, 2013). Beneath the Pamir and Hindukushi region, high-V anomalies are 124 
clearly revealed down to at least 600 km depth, but intra-slab earthquakes occur down to ~300 km 125 
depth (Koulakov, 2011). Aseismic deep slabs are also detected down to the MTZ depth beneath 126 
SW Japan (Zhao et al., 2012; Huang et al., 2013), Ryukyu (Huang and Zhao, 2006; Wei et al., 127 
2012, 2015) and Alaska (Qi et al., 2007; Gou et al., 2019). These results indicate that it is hard to 128 
tell the subduction depth of the Indian slab under the Burma arc just from the intermediate-depth 129 




In the past decade, many tomography models have been determined using arrival-time data 131 
recorded at provincial seismic stations in eastern Tibet (e.g., Li et al., 2008b; Lei et al., 2009; 132 
Wang et al., 2010; Koulakov, 2011; Wei et al., 2012; Huang et al., 2015; Lei and Zhao, 2016). A 133 
few large-scale regional tomography models revealed a high-V anomaly extending down to 400 134 
km depth or deeper, suggesting that the Indian slab has subducted down to ~400 km depth (Huang 135 
and Zhao, 2006) or even passed through the 410-km discontinuity to the MTZ (e.g., Li et al., 136 
2008b; Koulakov, 2011; Wei et al., 2012). Fig. 3 shows a recent tomographic model of Lei and 137 
Zhao (2016), which clearly displays a high-V anomaly representing the subducted Indian slab 138 
extending down to the MTZ. In Fig. 4 we compare three tomographic models of Lei and Zhao 139 
(2016), Huang et al. (2015), and Wei et al. (2012) under eastern Tibet. Huang et al. (2015) showed 140 
their images focusing on southeast Tibet, Lei and Zhao (2016) presented their tomographic model 141 
under eastern Tibet, whereas Wei et al. (2012) determined a model of regional tomography under 142 
East Asia. Although these models show some differences in details due to the different methods, 143 
datasets and regularizations adopted, they all illustrate a clear high-V anomaly extending down to 144 
the MTZ (Fig. 4). All these tomographic models demonstrate the deep subduction of the Indian 145 
slab down to the MTZ depth (Figs. 3 and 4). 146 
2.3 Long stagnant slab in the MTZ 147 
As shown in Fig. 5, the tomographic models show different spatial extents of the high-V slab 148 
in the MTZ. Li et al. (2008b) showed a high-V MTZ anomaly south of the Xianshuihe fault zone 149 
and west of 110°E. Lei et al. (2009) showed an obvious high-V anomaly south of 28°N and west of 150 
105°E. Wang et al. (2010) revealed a high-V anomaly south of the Kunlun fault zone and west of 151 




west of the Xiaojiang fault zone (Fig. 5b). Wei et al. (2012) only showed a high-V anomaly east of 153 
100oE (Fig. 5c). Lei and Zhao (2016) showed a clear high-V anomaly in the MTZ south of the 154 
Kunlun fault zone and west of the Xiaojiang fault zone (Fig. 5a). These differences may be partly 155 
due to the different sizes of their study regions, as mentioned above. 156 
Both a high-V anomaly in the MTZ and a depressed 660-km discontinuity reflect a decreased 157 
temperature in the MTZ. Thus, we can compare the extent of the MTZ high-V anomaly (e.g., Lei 158 
et al., 2009; Wang et al., 2010; Huang et al., 2015; Lei and Zhao, 2016) with the range of the 159 
depressed 660-km discontinuity (Shen et al., 2011; Hu et al., 2013) to investigate which 160 
tomographic models are more plausible. It is found that the extent of the high-V anomaly in the 161 
model of Lei and Zhao (2016) (Fig. 5a) is in good agreement with that of the depressed 660-km 162 
discontinuity (Fig. 5e) and the thickened MTZ (Fig. 5f) (Shen et al., 2011; Hu et al., 2013). 163 
Furthermore, Zhang et al. (2017) revealed very similar variations of the 410-km and 660-km 164 
discontinuities and the MTZ thickness around eastern Tibet inferred from seismic data recorded at 165 
the dense broadband portable stations from ChinArray. These results indicate that the large-scale 166 
high-V anomaly in the MTZ extending eastward to the Xiaojiang fault and northward to the 167 
eastern Kunlun fault zone is a more reliable feature. Such a large-scale high-V anomaly in the 168 
MTZ indicates broad stagnancy of the subducted Indian slab in the MTZ, suggesting that the slab 169 
met a strong resistance at the 660-km discontinuity when it subducted and so cannot penetrate into 170 
the lower mantle directly (Maruyama, 1994; Zhao, 2004). 171 
2.4. Dehydration of the stagnant Indian slab 172 




mantle are continental, but it is still debated whether the deep parts of the subducted slab in the 174 
MTZ are continental or oceanic. Although this issue is beyond the scope of the present study, 175 
whether dehydration of the subducted Indian slab occurs or not in the MTZ is important for 176 
understanding the BMW structure and dynamics under eastern Tibet. If the deep parts of the 177 
subducted slab in the MTZ are oceanic, then it is easy to understand the deep slab dehydration in 178 
the MTZ, which is supported by mineral physics studies (e.g., Ohtani et al., 2004; Ohtani and Zhao, 179 
2009). The MTZ has a storage capacity of ~0.5-1 wt% due to a water solubility of ~1-3 wt% in the 180 
Wadsleyite and Ringwoodite that are the major constituents of the MTZ (Ohtani et al., 2004). If 181 
the subducted Indian slab is continental, then it is hard to understand the slab dehydration in the 182 
MTZ. However, dehydration of a subducting continental slab might continue to occur in the MTZ, 183 
because a large amount of wet sediments are dragged down during the subduction 184 
(Regenauer-Lieb et al., 2001). Results of receiver-function analyses show a significantly depressed 185 
410-km discontinuity (Fig. 5d), suggesting that fluids could be released from the slab in the MTZ. 186 
Therefore, it can be concluded that dehydration of the stagnant Indian slab can take place in the 187 
MTZ. 188 
As described above, three main slab features are confirmed to exist beneath eastern Tibet, i.e., 189 
deep slab subduction under the Burma arc, and long stagnancy and deep dehydration of the Indian 190 
slab in the MTZ. Therefore, we can conclude that there is a BMW structure under eastern Tibet. 191 
3. Discussion 192 
3.1. Long travelled Indian slab in the MTZ 193 




Tapponnier, 1975; England and Houseman, 1986; England and Molnar, 1997; Yin, 2000) with an 195 
average movement rate of 40 mm/yr of the Indian plate relative to the stable Eurasian plate (e.g., 196 
Wang et al., 2001; Zhang et al., 2004; Gan et al., 2007), resulting in a crustal shortening of at least 197 
~2000 km in the collision zone. Seismological studies have shown that the resultant crustal 198 
shortening is mainly caused by subduction of the Indian lithosphere (e.g., Ni et al., 1989; Li et al., 199 
2008b; Lei et al., 2009, 2014). The slab dip angle is complicated and varies with depth along the 200 
Himalayan eastern syntaxis (e.g., Wang and Huangfu, 2004; Huang and Zhao, 2006; Li et al., 201 
2008b; Lei et al., 2009, 2013; Lei and Zhao, 2016; He et al., 2018), but it only requires a 700-800 202 
–km long slab reaching the 660-km discontinuity with a certain dip angle, and so the remaining 203 
part of the slab is ~1200-1300 km long. Such a long slab indicates that the frontal edge of the 204 
subducted Indian slab in the MTZ can easily reach the Kunlun fault zone, because the Kunlun fault 205 
zone (around 36°N) in eastern Tibet is only ~1000 km away from the Indo-Eurasian collisional 206 
front (around 27°N). In addition, excluding the subducted slab during the Tethys ocean closure 207 
before the continental collision, a 200-300-km long slab has been deficient possibly due to the 208 
crustal thickening and the slab deformation during its subduction and travelling in the MTZ. All 209 
these results suggest that the Indian slab should have travelled a long distance in the MTZ. 210 
Global tomography models (e.g., Amaru, 2007; Li, et al., 2008; Fukao and Obayashi, 2013; 211 
Hall and Spakman, 2015; Hosseini, 2016) exhibit similar features as shown in Figs. 3-5 in the 212 
south but they look different in the northern parts of eastern Tibet. This is likely because the global 213 
models are determined with much less arrival-time data recorded by the Chinese provincial 214 
seismic networks (Zheng et al., 2010), whereas it is the local network data that make great 215 




are obtained with strong damping and smoothing regularizations to stabilize the inversion, and so 217 
local and fine structural features, such as the high-V Indian slab in the MTZ (Figs. 3-5), cannot be 218 
imaged clearly. 219 
3.2. The BMW spatial extent 220 
Generally speaking, Pn rays only sample the uppermost mantle within the lithosphere, but the 221 
downgoing lithosphere representing the subudcting slab could have a higher velocity than that of 222 
the back-arc region. This feature has been revealed by many Pn tomographic studies of the western 223 
United States (e.g., Hearn, 1996) and Europe (e.g., Hearn, 1999; Pei et al., 2011; Lü et al., 2017). 224 
Here we attempt to use Pn tomographic images to investigate whether and where the subducting 225 
Indian slab exists in and around eastern Tibet. 226 
If Vp has no vertical gradient in a certain depth range of the uppermost mantle (Fig. 6a), Pn 227 
wave should travel horizontally there (Fig. 6b). However, actually Vp may slightly increase with 228 
depth in the uppermost mantle (Fig. 6c), thus the Pn ray path must bend downward (Fig. 6d). Thus, 229 
if the Indian slab has a large dip angle under the Burma arc, it would be hard for the Pn ray path to 230 
sample the slab structure but the mantle wedge structure (Fig. 6e), which results in low-V 231 
anomalies imaged. However, if the subducting Indian slab has a small dip angle around the 232 
Himalayan arc, it is possible that Pn ray paths can sample the slab structure (Fig. 6f), leading to 233 
high-V anomalies in the Pn tomographic image. On the basis of this inference, we can roughly 234 
estimate the spatial extent of the BMW structure using recent Pn tomography models in eastern 235 
Tibet, because the formation of the BMW under eastern Tibet requires a steep subducting slab. 236 




2017). Although there are some differences in details, both models demonstrate a clear transition 238 
zone around ~96oE from obvious high-V anomalies in the west to low-V anomalies in the east. 239 
These results suggest that, to the west of ~96oE, the subducting Indian slab has a small dip angle 240 
under the Himalayan orogenic belt, whereas to the east of ~96oE, the slab has a large dip angle 241 
under the Burma arc. Therefore, the Pn results also support the existence of a BMW structure 242 
exists under eastern Tibet. 243 
3.3. Shear-wave splitting measurements 244 
Fig. 8 shows SKS splitting measurements in eastern Tibet, illustrating a clear pattern of fast 245 
polarization directions related to the surface geological units. The fast polarization directions 246 
roughly change from NW-SE around the northeastern margin of Tibet to nearly E-W around the 247 
Qinling orogeny, and vary across 94oE from NEE-SWW in the Lhasa and Qiangtang blocks to 248 
NW-SE around the Songpan-Ganzi block and Sichuan basin, and further south they vary from 249 
nearly N-S in the Yunnan-Sichuan diamond block north of 27oN to nearly E-W south of 27oN. 250 
Furthermore, the delay time of the SKS splitting data in eastern Tibet is generally larger than ~1.0 251 
s. Although some Pms (Moho converted phase) splitting results show relatively large delay times 252 
of ~0.5-0.9 s (e.g., Sun et al., 2012), most splitting studies indicate a small contribution of crustal 253 
anisotropy (< ~0.3 s) (e.g., Sherrington et al., 2004; Ozacar and Zandt, 2004; Chen et al., 2013; 254 
Sun et al., 2013) to the SKS splitting observations of ~1.0 s or even as large as ~1.5 s (Fig. 8) (e.g., 255 
Chang et al., 2008, 2015, 2017; Wang et al., 2008; Wu et al., 2015), which is supported by the 256 
crustal surface-wave tomography (e.g., Yao et al., 2010). Thus, the SKS splitting could be mainly 257 
caused by anisotropies in both the lithospheric and asthenospheric mantle. In the Lhasa and 258 




large as 180 km (e.g., An and Shi, 2006; Hu et al., 2011), the fast polarization directions are 260 
subparallel to the strike of faults and mountains and surface deformation inferred from GPS 261 
measurements, suggesting that the crust and mantle lithosphere deform coherently (e.g., Wang et 262 
al., 2008; Li et al., 2011; León Soto et al., 2012). However, in the present study we emphasize the 263 
role of asthenospheric flow in the SKS splitting observations due to its mantle material extruded 264 
by the Indian plate subduction under the Eurasian plate along the Himalayan and Burma arcs, 265 
because the asthenosphere thickness changes from ~120-130 km under the Lhasa and Qiangtang 266 
block to ~150-180 km under the Yunnan region (e.g., Zhang et al., 2014). Such a thick 267 
asthenosphere suggests that we cannot ignore the contribution of asthenospheric mantle to the SKS 268 
splitting that reflects mantle dynamics under eastern Tibet. For further discussion, see Section 269 
3.4.3. 270 
3.4. Role of the BMW 271 
The BMW structure under eastern Tibet may play an important role in the deep origin of the 272 
Tengchong volcano, seismotectonics, and the formation and evolution processes of eastern Tibet.  273 
3.4.1. Deep origin of the Tengchong volcano 274 
The Tengchong volcano is located in westernmost Yunnan and the southeastern margin of the 275 
Tibetan plateau, and its last eruption occurred in 1609. In the volcanic field, there exist numerous 276 
hot springs with a temperature higher than 90°C, and the field consists of a gneissic basement with 277 
minor amphibolites (Zhu et al., 1983). These surface features could be related to the crustal and 278 
upper mantle structure. Petrological studies suggested that three magma chambers may exist under 279 




velocity (e.g., Wang and Huangfu, 2004; Huang and Zhao, 2006; Li et al., 2008b; Lei et al., 2009, 281 
2013, 2014), low resistivity (Sun et al., 1989; Bai et al., 2010), high heat-flow (Wu et al., 1988), 282 
and low-Q values (Qin et al., 1998; Zhao et al., 2013) under the volcano.  283 
Although many tomographic models have been obtained, the deep origin of the Tengchong 284 
volcano is still under debate. Some researchers showed that it is related to the Indian slab 285 
subduction (e.g., Huang and Zhao, 2006; Lei et al., 2009; Wang et al., 2010; Huang et al., 2015; 286 
Lei and Zhao, 2016), whereas others suggested that it could be associated with upwelling flow 287 
from the sub-slab mantle through a slab gap in the upper mantle (e.g., Zhang et al., 2017) or in the 288 
MTZ (e.g., Xu et al., 2018), and the gap could have formed due to lithospheric delamination. 289 
However, delaminated lithospheric materials are visible at depths of 200-400 km under eastern 290 
Tibet (around 102oE-104oE) (Figs. 3c and 4) rather than under the Burma arc. Note that some 291 
tomographic studies could not image the shallow mantle structure (< 200 km depth) beneath the 292 
Burma arc, because they used only teleseismic data and had no seismic stations in the Burma arc 293 
(Figs. 3 and 4a-b) (e.g., Lei et al., 2009; Huang et al., 2015; Lei and Zhao, 2016). When the data 294 
recorded at stations in the Burma arc are used, a high-V anomaly representing the subducting 295 
Indian slab is clearly visible (Fig. 4c) (e.g., Huang and Zhao, 2006; Li et al., 2008b; Wang et al., 296 
2010; Wei et al., 2012). In the MTZ, a continuous high-V anomaly is not visible in some models 297 
(e.g., Wei et al., 2012) (Fig. 4c) due to insufficient ray coverage there, but other models show a 298 
clear high-V anomaly (e.g., Huang et al., 2015; Lei and Zhao, 2016) (Figs. 3 and 4a-b). 299 
Receiver-function studies revealed a depressed 660-km discontinuity and a thickened MTZ (e.g., 300 
Shen et al., 2011; Hu et al., 2013; Zhang et al., 2017; Xu et al., 2018), being consistent with the 301 




discontinuity could indicate the presence of fluids in the MTZ (e.g., Helffrich, 2000; Higo et al., 303 
2001; Litasov et al., 2005). All these results suggest that a continuous high-V Indian slab has 304 
subducted down to the MTZ and travelled a long distance horizontally under eastern Tibet. 305 
Therefore, we deem that the deep origin of the Tengchong volcano is related to the BMW dynamic 306 
processes, such as hot and wet mantle upwelling associated with deep subduction of the Indian 307 
slab down to the MTZ and the slab stagnancy and dehydration in the MTZ. 308 
3.4.2. Seismotectonics 309 
In recent years, large to great earthquakes occurred frequently in eastern Tibet, such as the 12 310 
May 2008 Wenchuan (Ms 8.0), the 14 April 2010 Yushu (Ms 7. 1), the 20 April 2013 Lushan (Ms 311 
7.0), the 3 August 2014 Ludian (Ms 6.5), and the 8 August 2017 Jiuzhaigou (Ms 7.0) earthquakes 312 
(Fig. 7). It is important to clarify the causal mechanism of these earthquakes and seismotectonics 313 
in the region. To date, many tomographic studies have been made to investigate the crustal 314 
structure of the large earthquake source zones, and suggested the important role of fault-zone 315 
heterogeneities and fluids in the lower crustal flow under the Songpan-Ganzi block in generating 316 
the 2008 Wenchuan earthquake (e.g., Lei and Zhao, 2009; Wang et al., 2009; Wu et al., 2009; Xu 317 
et al., 2010). The influence of crustal heterogeneity and fluids on seismogenesis has been revealed 318 
in many regions worldwide, such as the 17 January 1995 Kobe earthquake (M 7.2), the 28 July 319 
1976 Tangshan earthquake (Ms 7.8), the 26 January 2001 Bhuj earthquake (Mw 7.6), the 3 January 320 
1739 Pingluo earthquake (M 8.0), the 16 December 1920 Haiyuan earthquake (M 8.5), and the 16 321 
April 2016 Kumamoto earthquake (M 7.3) (e.g., Zhao et al., 1996; Mishra and Zhao, 2003; Huang 322 
and Zhao, 2004; Lei et al., 2008; Cheng et al., 2014, 2016; Wang et al., 2017b; Sun et al., 2019). 323 




seismogenic process. 325 
In Fig. 7 we compare recent Pn tomographic images with large earthquakes (M > 6.0) since 326 
1960. Most of the large earthquakes occurred at boundaries between low-V and high-V anomalies. 327 
The 2008 Wenchuan and the 2014 Ludian earthquakes took place on the Longmenshan fault zone 328 
that is a boundary between the high-V Sichuan basin and the low-V Songpan-Ganzi block, and 329 
such a structure extends down to a depth of ~200-300 km (Figs. 3b and 3c). This result suggests 330 
that low-V anomalies in the upper mantle under the Songpan-Ganzi block may reflect hot and wet 331 
mantle upwelling that could have intruded upward through the Moho discontinuity to contribute 332 
fluids to the crustal flow. The low-V anomalies could reflect high temperature, partial melts or/and 333 
fluids, which may have strong positive buoyancy. Such materials with fluids reaching the crust 334 
could reactivate the existing faults in the crust, reduce friction on the fault plane, and so they are 335 
able to trigger the large crustal earthquakes (Figs. 3c and 7). Therefore, we deem that structural 336 
heterogeneities in the upper mantle can also affect the generation of large crustal earthquakes. This 337 
inference is supported by many previous studies on the correlation of crustal earthquakes with the 338 
upper mantle structure (e.g., Wang et al., 2010; Mooney et al., 2012; Lei, 2012; Tong et al., 2012; 339 
Cheng et al., 2014; Lei et al., 2014). The fluids in the crust may have other origins, such as 340 
dehydration of hydroxyl-bearing minerals in the crust, fluids trapped in pore space, and meteoric 341 
water (e.g., Zhao et al., 2002; Lei et al., 2012). 342 
3.4.3. Mantle dynamics under eastern Tibet 343 
Several geodynamic models have been proposed to explain the formation and evolution of the 344 




(e.g., England and Houseman, 1986), and crustal channel flow (e.g., Royden et al., 1997, 2008), 346 
etc. These models are useful for explaining the high topography of the Tibetan plateau and its 347 
sharp changes around the Tibetan margins. However, effects of the mantle structure on the 348 
topography of eastern Tibet are not mentioned clearly in these models.  349 
Integrating the recent results of seismic tomography and receiver-function studies, we propose 350 
a new geodynamic model for eastern Tibet (Fig. 9). In the region east of ~96°E, a BMW structure 351 
has formed due to the deep subduction, stagnancy and dehydration of the Indian slab in the MTZ. 352 
In the BMW, mantle convection could cause hot and wet mantle upwelling. Due to the specific 353 
lithosphere structure around the Tengchong volcano, such upwelling could provide important 354 
conditions for the formation of the volcano (Fig. 9c), and bring fluids from the upper mantle to the 355 
crustal fault zones like the Longmenshan and Xiaojiang faults to reduce the fault zone friction and 356 
trigger the 2008 Wenchuan and the 2014 Ludian earthquakes (Figs. 9b and 9c).  357 
Meanwhile, due to the subduction of the Indian slab along the Himalaya arc, mantle materials 358 
under Tibet could be laterally extruded and flow southeastward east of the Sichuan basin and 359 
southward in southeastern Tibet (e.g., Bai et al., 2010) as shown in the dots with circles in Fig. 9. 360 
The coexistence of such extruded flow and mantle convection in the BMW may explain the main 361 
feature of SKS splitting observations that the fast direction of shear-wave azimuthal anisotropy 362 
changes from the approximate N-S direction north of 27oN to the approximate E-W direction south 363 
of 27oN (e.g., Wang et al., 2008). Our present model implies that, to the north an approximate N-S 364 
oriented extruded flow could be stronger and make much more contributions than mantle 365 
convection in the BMW, because a large amount of lithospheric materials have subducted to the 366 




dominated in the BMW (Fig. 9). Such a variation in the strength of extruded flow from the north to 368 
the south is generally consistent with the topographic changes in eastern Tibet. 369 
4. Conclusions 370 
We make a review of recent seismological studies and show that a big mantle wedge (BMW) 371 
structure exists under eastern Tibet. Such a structure is of great importance to better understand the 372 
deep origin of the Tengchong volcano, causal mechanism of large crustal earthquakes, and 373 
dynamic evolution of the Tibetan plateau. With the advances of seismic imaging techniques and 374 
the rapid accumulation of seismological data in the Burma arc, the detailed BMW structure will be 375 
investigated better and better from now, which will greatly improve our understanding of the 376 
interaction between lithosphere and asthenosphere, seismotectonics and mantle dynamics of the 377 
Tibetan region. 378 
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Figure Captions 671 
Fig. 1. A schematic diagram showing the big mantle wedge (BMW) model to explain the deep 672 
origin of the intraplate Changbaishan volcano in East Asia. Modified from Lei and Zhao 673 
(2005), Zhao et al. (2004), Zhao and Tian (2013), and Lei et al. (2013). 674 
Fig. 2. A map showing major tectonic features of the study region (modified from Lei and Zhao, 675 
2016). The white dots denote epicenters of earthquakes with magnitudes larger than 6.0 676 
since 1960 (Song et al., 2011). The size of the dots denotes the earthquake magnitude, 677 
whose scale is shown at the lower-left corner. The stars 1–5 denote recent five large 678 
earthquakes: the 12 May 2008 Wenchuan (Ms 8.0), the 14 April 2010 Yushu (Ms 7.1), the 20 679 
April 2013 Lushan (Ms 7.0), the 3 August 2014 Ludian (Ms 6.5), and the 8 August 2017 680 
Jiuzhaigou (Ms 7.0) earthquakes. The yellow triangle Tc denotes the active Tenchong 681 
volcano. The thick dashed lines denote the block boundaries, whereas the thick solid lines 682 
denote major active faults (Deng et al., 2002). ALSB, Alashan block; QDB, Qaidam basin; 683 
KQFZ, Kunlun-Qilian fold zone; QLFZ, Qinling fold zone; SGB, Songpan-Ganzi block; 684 
QTB, Qiangtang block; LSB, Lhasa block; SCB, Sichuan basin; YZB, Yangtze block; SChB, 685 
South China block; KLF, Kunlun fault; LMS, Longmenshan fault zone; RRF, Red-river fault; 686 
XSR, Xianshui-River fault; JSS, Jinshajiang suture; BNS, Bangong-Nujiang suture; XJF, 687 
Xiaojiang fault; IP, Indian plate. The inset map shows the location of the study region. SCS, 688 
South China Sea; PSP, Philippine Sea Plate; PCP, Pacific Plate. 689 
Fig. 3. Vertical cross-sections of P-wave tomography (Lei and Zhao, 2016) under eastern Tibet 690 




high-V anomalies, respectively, whose scale (in %) is shown at the bottom. The white dots 692 
represent seismicity within a width of 50 km from each profile. The red triangle denotes the 693 
Tengchong volcano (TCV). The big and small stars represent the 12 May 2008 Wenchuan 694 
earthquake (Ms 8.0, WCEQ) and the 3 August 2014 Ludian earthquake (Ms 6.5, LDEQ), 695 
respectively. The dashed lines show the Moho, 410-km and 660-km discontinuities. KLF, 696 
the Kunlun fault zone; ALS, the Alashan block; NSCB, the north Sichuan basin boundary; 697 
WQL, the western Qinling; XJF, the Xiaojiang fault zone; SCB, the Sichuan basin; YZB, the 698 
Yangtze block. The white triangles in the inset map illustrate the seismic stations used to 699 
determine the 3-D tomography images. 700 
Fig. 4. P-wave tomographic images under eastern Tibet from three models of (a) Lei and Zhao 701 
(2016), (b) Huang et al. (2015), and (c) Wei et al. (2012) along the same profile as shown in 702 
the inset map. The other labeling is the same as that in Fig. 2. 703 
Fig. 5. Comparison of different models in the MTZ under eastern Tibet. (a-c) Tomographic images 704 
at 650 km depth from the models of Lei and Zhao (2016), Huang et al. (2015), and Wei et al. 705 
(2012). Red and blue colors denote low-V and high-V anomalies, respectively, whose scale 706 
is shown beside (b).  (d-f) Depth variations of the 410-km and 660-km discontinuities and 707 
the MTZ thickness inferred from Shen et al. (2011) and Hu et al. (2013). Red color shows 708 
depressed 410-km and uplifted 660-km discontinuities and thinned MTZ, while blue color 709 
shows uplifted 410-km and depressed 660-km discontinuities and thickened MTZ, whose 710 
scales are shown beside (d) and below (e) and (f), respectively. The thin solid and dashed 711 
lines denote the major tectonic and block boundaries, respectively. KQFZ, the 712 




the Sichuan basin; CDB, the Chuandian block; QTB, the Qiangtang block; LSB, the Lhasa 714 
block; XJF, the Xiaojiang fault; YZB, the Yangtze block. The white triangle denotes the 715 
Tengchong volcano (Tc). The thick blue dashed line shows the possible front of the 716 
subducted Indian slab in the MTZ.  717 
Fig. 6. Schematic diagrams for explaining the Pn velocity anomalies in the uppermost mantle 718 
under eastern Tibet. (a) A velocity model with a constant velocity in the uppermost mantle. 719 
(b) A Pn ray path in the velocity model as shown in (a). (c) A velocity model with an 720 
increasing velocity with depth in the uppermost mantle. (d) A Pn ray path in the velocity 721 
model as shown in (c).  (e) The mantle wedge is sampled by a Pn ray when the subducting 722 
slab has a steep dip angle.  (f) The subducting slab is sampled by a Pn ray when the slab 723 
has a small dip angle. The star and triangle in (b, d, e, f) denote an earthquake (Eq.) in the 724 
crust and a seismic station on the surface, respectively. The dashed line represents the Moho 725 
discontinuity. 726 
Fig. 7. Vp images in the uppermost mantle under eastern Tibet from two Pn tomography models of 727 
(a) Lei et al. (2014) and (b) Lü et al. (2017). Red and blue colors denote low-V and high-V 728 
anomalies (in %), respectively, whose scale is shown below (a). The red triangle marks the 729 
Tengchong volcano. The color dots are large earthquakes (M > 6.0) from 1960 to now (Song 730 
et al., 2011). The white circles with numbers denote five recent events: (1) the 12 May 2008 731 
Wenchuan earthquake (Ms 8.0), (2) the 14 April 2010 Yushu earthquake (Ms 7.1), (3) the 20 732 
April 2013 Lushan earthquake (Ms 7.0), (4) the 3 August 2014 Ludian earthquake (Ms 6.5), 733 




Fig. 8. SKS splitting measurements made by previous studies (Chang et al., 2008, 2015, 2017; Wu 735 
et al., 2015). The orientations of color lines denote represent the fast polarization directions, 736 
whereas their lengths denote the strength of anisotropy. The other labeling is the same as 737 
that in Fig. 2. 738 
Fig. 9. Schematic diagrams illustrating the BMW structure and dynamics of eastern Tibet. The 739 
cross-sections are the same as those in Fig. 3, whereas the other labeling is the same as that 740 
in Fig. 2. This model can explain the deep origin of the intraplate Tengchong volcano, and 741 
causal mechanism of large crustal earthquakes. The circles with dots denote the direction of 742 
possible horizontal mantle flow extruded from the Tibetan plateau. The existence of such 743 
orthogonal mantle flow may explain the change in the SKS polarization direction across 744 
~27oN. To the north of ~27oN, the shear-wave anisotropy is mainly affected by the extruded 745 
mantle flow from Tibet (a-b), whereas to the south of ~27oN, the anisotropy is controlled by 746 
the east-west oriented mantle convection in the BMW (c-d).  747 









